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Background: The recent ongoing outbreak of coronavirus disease 2019 (COVID-19), still is an unsolved
problem with a growing rate of infected cases and mortality worldwide. The novel coronavirus, severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is targeting the angiotensin-converting enzyme
2 (ACE2) receptor and mostly causes a respiratory illness. Although acquired and resistance immunity is
one of the most important aspects of alleviating the trend of the current pandemic; however, there is still
a big gap of knowledge regarding the infection process, immunopathogenesis, recovery, and reinfection.
Aim of Review: To answer the questions regarding ‘‘the potential and probability of reinfection in COVID-
19 infected cases” or ‘‘the efficiency and duration of SARS-CoV-2 infection-induced immunity against
reinfection” we critically evaluated the current reports on SARS-CoV-2 immunity and reinfection with
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Recovery
Reinfection
SARS-CoV-2
special emphasis on comparative studies using animal models that generalize their finding about protec-
tion and reinfection. Also, the contribution of humoral immunity in the process of COVID-19 recovery and
the role of ACE2 in virus infectivity and pathogenesis has been discussed. Furthermore, innate and cellu-
lar immunity and inflammatory responses in the disease and recovery conditions are reviewed and an
overall outline of immunologic aspects of COVID-19 progression and recovery in three different stages
are presented. Finally, we categorized the infected cases into four different groups based on the acquired
immunity and the potential for reinfection.
Key Scientific Concepts of Review: In this review paper, we proposed a new strategy to predict the potential
of reinfection in each identified category. This classification may help to distribute resources more metic-
ulously to determine: who needs to be serologically tested for SARS-CoV-2 neutralizing antibodies, what
percentage of the population is immune to the virus, and who needs to be vaccinated.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The novel coronavirus, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), responsible for the recent ongoing
outbreak of coronavirus disease 2019 (COVID-19), initially
emerged in the winter of 2019 in China [1]. Presently, by the mid-
dle of December 2020, the number of officially confirmed infected
cases passed >75 million worldwide, and 1.68 million patients
lost their lives by the novel coronavirus [2]. The genome-based
analysis revealed a high similarity of SARS-CoV-2 to previously
known SARS coronaviruses [1,3]. Similar to SARS coronavirus,
SARS-CoV-2 infects host cells through binding to angiotensin-
converting enzyme 2 (ACE2) receptor and causes respiratory ill-
ness [4]. Clinical manifestations associated with disease progres-
sion typically include fever, dry cough, anosmia, ageusia, mild
to severe pneumonia, dyspnea, and coagulopathy [5–9]. Despite
the uninterrupted efforts of scientists around the world, there is
still a big gap of knowledge regarding the infection process, clin-
ical symptoms, immunopathogenesis, recovery, and reinfection.

The importance of the studies on the humoral immune
responses in COVID-19 patients for vaccine design, antibody-
based therapies, and disease management has been emphasized
[10]. This review will clarify the role of immune responses in
the recovery process of COVID-19 disease, and categorize the
infected cases into different groups based on the acquired immu-
nity and possibility of reinfection. Our suggestions will help to
improve the health policies for the screening of patients and/or
suspected cases and ameliorate diagnostic evaluations. More
importantly, this review helps to understand how herd immunity
may mitigate future outbreaks of COVID-19. Based on the previ-
ous studies, at least 60% of the population needs to acquire pro-
tective immunity against COVID-19 through primary recovery or
vaccination to achieve herd immunity [11]. Therefore, classifica-
tion of the infected cases based on the immune responses and
possibility of reinfection will help to determine who needs to be
evaluated for SARS-CoV-2 neutralizing antibodies (NAb) and what
percentage of the population is immune to the SARS-CoV-2, and
who needs to be vaccinated. This approach may play a greater role
when arguments such as COVID-19 immunity passports and vac-
cination certificates are brought forward by some governments
[12].
Reinfection reports and immunity of macaques

There are several reports of real-time reverse transcriptase-
polymerase chain reaction (RT-PCR) based positive tests for
COVID-19 patients after recovery and discharge from hospitals in
several countries including China and South Korea [13,14]. Based
on reports by the Korea Disease Control and Prevention Agency
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(KDCA) as early as April 2020, 91 cases of recovered COVID-19
patients were re-identified as positive after being previously dis-
charged from isolation. Since these initial observations, the num-
ber has increased to several hundreds of cases [13].

The secondary positive test results were mostly obtained from
recovered patients that their full recovery was confirmed by two
successive negative RT-PCR test results separated by at least one
day [14]. However, it needs to be addressed whether secondary
positive SARS-CoV-2 results are due to the reactivation of the pre-
vious infection, reinfection, or a false-negative report of the diag-
nostic tests. Considering the assumption that positive secondary
tests are associated with the failure of the immune system for
the complete elimination of virus particles or to prevent re-
infection with SARS-CoV-2, then a serious concern may arise on
the absolute recovery of infected individuals.

Based on a study in rhesus macaques (Macaca mulatta) mon-
keys, acquired immunity following primary infection with SARS-
CoV-2 may protect against subsequent re-infection with the virus
[15]. In this study, four monkeys were intratracheally infected with
SARS-CoV-2, and clinical symptoms, such as weight loss, body tem-
perature, viral loads in nasal, pharyngeal, and anal swabs, and X-
Ray visualized lung pathologies were studied. One of the monkeys
was euthanized seven days after infection and various tissues were
investigated for virus distribution and histopathological changes.
Two of the previously infected monkeys were reinfected with the
same dose of virus, 28 days after the primary infection and acquir-
ing recovery. Five days after reinfection, one of the monkeys was
euthanized and investigated for viral replication and distribution
in tissue samples. Based on the findings, Bao et al. declared that
the primary SARS-CoV-2 infection protected monkeys from subse-
quent exposures [15].

Although the study revealed no indication of COVID-19 disease
recurrence and no sign of virus replication after secondary infec-
tion, still the findings are insufficient for such a statement. The lim-
ited number of experimental animals, lack of preliminary studies
to evaluate the minimum infectious doses of the virus for healthy
animals, and lack of control test for the infectious potency of the
virus are the main constraints of the study. Furthermore, there
was no information on the health status of the monkeys before
the infection. All monkeys were young which may restrain to
extrapolate the results to the human population encountering
the COVID-19 pandemic. Finally, in this study, RT-PCR was used
to evaluate the shedding status of the monkeys, however, the
authors attributed uncertain secondary positive test reports of
hundreds of recovered patients to ‘‘false negative RT-PCR test
results” before the discharging of patients” instead of possible rein-
fection with the virus after full recovery [15].

Further studies with a larger group of animals with different age
ranges and controlled conditions are necessary. In this context,
another recent study on rhesus macaques suggests primary
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infection with SARS-CoV-2 may protect against reinfection [16]. In
this study, an animal model of SARS-CoV-2 infection was devel-
oped with characteristics such as high viral load in the respiratory
tract, pathologic lesions in the lungs, and viral pneumonia. Conse-
quently, 35 days post-infection, the previously infected monkeys
(following viral clearance) and naive control animals were inocu-
lated with the virus. Immunologic assessments revealed that the
induction of humoral and cellular immune responses following pri-
mary infection is responsible for protection against re-exposure to
the virus. In the infected monkeys, immunity was provided with
SARS-CoV-2 specific humoral and cellular immune responses. The
anti-spike and NAb responses against multiple subclasses of viral
proteins including receptor-binding domain (RBD), the prefusion
spike ectodomain, and the nucleocapsid (N) have been developed
with diverse effector functions and virus-neutralizing activities
such as antibody-dependent complement deposition and
antibody-dependent cellular and neutrophil phagocytosis. The
study also exhibited infiltration of immune cells including macro-
phages, neutrophils, and lymphocytes to multifocal regions of
inflammation, and induction of anti-spike CD4+ and CD8+ T cell
responses [16]. The study revealed protective immunity against
re-exposure in non-human primates, however, the period between
viral clearance and the second challenge was too short, therefore
immune responses were still highly activated in macaques and
the titers of NAb were high [16]. It is difficult to extrapolate these
findings because of the rapid decline of immune responses in
humans after recovery [17].

It would be beneficial to examine COVID-19 positive cases in
cohort studies including asymptomatic, mildly symptomatic, and
severely symptomatic cases for the development of humoral
immunity and virus-specific neutralizing antibodies during disease
and after recovery. Also, when the results of RT-PCR tests in recov-
ered cases are positive, other indices of infection and disease, such
as clinical symptoms, serological tests, as well as confirmatory
tests (virus isolation or alternative quantitative RT-PCR tests) at
several points in time also should be considered.
Humoral immunity in COVID-19 recovery

One of the main protective characteristics of humoral immunity
is the production of neutralizing antibodies against pathogens,
which boosts the defense and recovery process of the infected
body. Neutralizing antibodies efficiently block the entry of viruses
into the target cells and may lead to the clearance of virus-infected
and antigen displaying cells via the involvement of other immune
components such as phagocytes and natural killer cells [18]. Pre-
liminary studies revealed the production of IgM and IgG antibodies
within week three post-symptom onset (PSO). The study revealed
that humoral immune response developed within 3–7 weeks after
infection, with a stepwise increase of IgG and decreasing of IgM.
However, serum IgM remained detectable for more than one
month PSO in some SARS-CoV-2 infected patients because of the
prolonged virus replication [19].

Wölfel et al. performed a virological and serological assessment
of nine hospitalized COVID-19 patients. Because of the low fre-
quency of neutralizing antibody titers in coronavirus infected
cases, a particularly sensitive plaque-reduction neutralization
assay was used [20]. Seroconversion started within the second
week of disease onset but was not followed by a rapid decline in
viral load. Neutralizing antibodies were detectable in all patients;
however, titers showed high variation without close correlation
with clinical courses [20]. In a cohort study of 208 COVID-19 pos-
itive cases, the early antibody response was detected for anti-N
IgM and IgA, with a median detection time of five days PSO [21].
In serum of 77.9% of those COVID-19 positive patients, anti-N IgG
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was detectable 14 days PSO [21]. Also, Jin et al. showed that the
positive rate and titer variance of IgG is higher than those of IgM
in COVID-19 patients [22].

Wu et al. analyzed neutralizing antibody responses to SARS-
CoV-2 in COVID-19 recovered patients [23]. Blood samples of 175
hospitalized patients with mild pneumonia and a history of dis-
charging from the Shanghai Public Health Clinical Centre were ana-
lyzed. The titers of NAbs were measured with high variations
within 10–15 days PSO. SARS-CoV-2-specific NAbs targeting spike
proteins S1, S2, and RBD were measured using a sensitive
pseudotyped-lentiviral-vector-based neutralization assay and
ELISA test. Monitoring the kinetics of antibody development in
selected six patients at different time points revealed that the titers
of NAbs were very low before day 10 (ID50 < 200) and then
increased sharply and reached a plateau. Among the recovered
patients, ten cases had no detectable anti-spike antibody titers
(ID50 < 40) and 30% of patients developed low titers of NAbs
(ID50 < 500). Also, 17% and 39% of patients had the titers of med-
ium–low (ID50: 500–999) and medium–high (ID50: 1000–2500)
for NAbs respectively and only 14% of patients developed high
titers (ID50 >2500) despite the similar duration of disease. Assess-
ment of the NAb titers two weeks after discharge revealed no sig-
nificant differences from the time of discharge, and also patients
without detectable NAb levels did not generate NAbs afterward
[23]. Moreover, elderly and middle-aged patients had significantly
higher plasma neutralization antibody titers and spike-binding
antibodies than young patients, and an age-dependent high
amount of anti-spike activity positively correlated with plasma
C-reactive protein (CRP) levels and lymphopenia, both considered
as markers of COVID-19 disease progression and severity [23]. This
may be regarded as a controversial report since disease severity
and higher mortality rates are mostly associated with aged
COVID-19 patients rather than younger patients [23]. Other studies
also revealed that anti-viral serological assay and profile of specific
antibodies can assist diagnosis and reflects disease course [21,22].

Although seroconversion, and especially the production of anti-
spike IgG antibodies, may neutralize coronaviruses and prevent
their binding to ACE2 receptors, the formation of virus-antibody
complexes may also lead to pathologic Fc-receptor (FcR) mediated
antibody-dependent enhancement (ADE) responses [24,25]. Anti-
bodies to S and N proteins may also lead to activation of antiviral
effector cells by binding to the expressed peptides and Fcc recep-
tors on the surface of virally-infected key structural cells such as
NK cells and may induce antibody-dependent cellular cytotoxicity
and opsonophagocytosis of virus particles [26]. Development of
neutralizing IgG antibodies targeting different epitopes of SARS-
CoV mediates either immune or pathologic responses in virus-
infected and immunized animals [27,28]. Remarkably, anti-N IgG
correlates to more severe lung injuries rather than anti-S IgG anti-
bodies, probably through upregulated secretion of pro-
inflammatory cytokines and increasing the infiltration rate of neu-
trophils and eosinophils [27]. Higher affinity, neutralization capac-
ity, and optimal quantity of neutralizing antibodies may promote
virus neutralization and protection [29]. Consistent with these
findings, ADE response could provide a rational justification for sig-
nificantly higher anti-S and anti-N antibodies in elderly and
middle-aged patients with severe disease and higher mortality
rates [23,30].

Therefore, not only the presence and quantity of neutralizing
antibodies against SARS-CoV-2 is highly variable, but also their
quality and the functional outcome may differ among recovered
patients. Therefore, humoral immunity and plasma neutralizing
activity of the COVID-19 patients with a low amount of NAbs is
not enough for complete immunization within the recovery pro-
cess. Consequently, as humoral immunity is not sufficient for
recovery of all COVID-19 cases, the contribution of other protective
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immunologic factors of recovery should be considered. However,
precisely which factors aid in recovery are not fully understood.
Thus, further investigations are necessary to understand the full
scope of immune protective factors elicited during primary infec-
tion. Expanded testing for circulating antibodies in COVID-19 pos-
itive cases will provide important information regarding the
percentage of those with positive RT-PCR results develop antibod-
ies and clearer associations between antibodies and immunity. In
this regard, the determination of the quality and immunizing
threshold titer of developed neutralizing antibodies mediating
immunity against SARS-CoV-2 reinfection also needs to be
understood.
Role of ACE2 in SARS-CoV-2 infectivity and recovery

The symptoms and severity of the disease in COVID-19 patients
are highly variable and mostly appear as a respiratory illness. How-
ever, some people without any clinical symptoms or detectable
signs, including people at the presymptomatic stage, may shed
and transmit the virus [5,31–33]. It should still be clarified whether
some COVID-19 patients may only develop a locally limited infec-
tion in the mouth and throat, as ACE2 is highly expressed on the
epithelial cells of the oral mucosa [34]. However, in COVID-19
patients, similar to other coronavirus infections, such as severe
acute respiratory syndrome (SARS) and middle east respiratory
syndrome (MERS), the lung is the most sensitive and vulnerable
organ [4,35]. The SARS-CoV-2 pathogenicity with severe respira-
tory illness, intensive dyspnea, and fatality is due to the targeting
of widely distributed ACE2 receptor in alveolar epithelial cells
through viral spike protein [4,36].

Binding of the virus to the membrane-anchored ACE2 receptors
triggers its entry into the cell and subsequently, the virus propaga-
tion process will start. ACE2 is a catalytically active protective
enzyme in the renin-angiotensin system, which in healthy condi-
tions degrades angiotensin-II peptides [36] (Fig. 1). This receptor
is mostly bound to the cell membranes and is barely present in a
soluble form in healthy persons [37]. Notably, ADAM17-mediated
shedding of sACE2 upon viral spike protein binding to ACE2 recep-
tor and release of some proinflammatory cytokines such as IL-1b
and TNFa due to the activity of TNFa-converting enzyme (TACE)
upon ACE2 shedding is also described in several studies [38–41]
(Fig. 1). More efficient attachment of SARS-CoV to the
membrane-anchored ACE2 is associated with higher induction of
ACE2 shedding [42]. Accordingly, similar to SARS coronavirus, the
higher affinity of SARS-CoV-2 for the ACE2 receptor might also lead
to increased shedding and reduced activity of ACE2 in infected
organs [42]. Separation of the ectodomain part of the ACE2 recep-
tor is a byproduct of coronavirus binding and is not necessary for
viral entry or spread. However, the ACE2 shedding is associated
with down-regulation and reduced expression of ACE2 during
infection [42]. It should be taken into account that shedding and
subsequent down-regulation of ACE2 receptor upon the attach-
ment of coronavirus, may result in angiotensin-II accumulation
(Fig. 1) and development of inflammatory signaling pathway lead-
ing to lung injury [36,42,43].

ACE2 deficiency and the presence of high levels of circulating
soluble ACE2 (sACE2) are both associated with different disease
conditions characterized by increased activity of the renin-
angiotensin system, such as hypertension, chronic kidney disease,
and heart failure [37,44,45]. These conditions have been consid-
ered as predisposing factors that promote adverse outcomes and
severity of the COVID-19 disease [46]. As the sACE2 maintains its
ability for binding to viral spike protein, it has been proposed by
some researchers that release of sACE2 from human airway epithe-
lia may limit coronaviruses from interaction with cell surface ACE2
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receptors and therefore prevents the spread of the virus inside of
the body [40,47]. Considering the competitive role of sACE2 as an
interceptor for viral spike protein (Fig. 1) and the proposed protec-
tive effects of recombinant ACE2 against lung injury and SARS
infection, sACE2 has been propounded as a novel therapeutic agent
to limit the progression of COVID-19 infection [43,48,49]. Remark-
ably, the virus-neutralizing activity associated with the sACE2
shedding into plasma during SARS-CoV-2 infection and with ele-
vated levels of sACE2 in several disease conditions [37,44,45]
should be studied meticulously. Particularly, the presence of sACE2
in serum needs to be considered because it could influence and
enhance the recovery process and intervene in serum-based virus
neutralization assays.
Impaired cellular immunity and contribution of inflammatory
responses in COVID-19

Convalescence of some COVID-19 patients despite the absence
of traceable neutralizing antibodies may suggest the contribution
of other possible immune responses, including cell-mediated
immunity or release of cytokines [17]. In this context, Qin et al.
analyzed and compared peripheral lymphocyte subsets and
inflammatory cytokines in the 452 positive cases with severe and
non-severe COVID-19 infections [50]. Their study revealed that
the severity of the disease is positively correlated with increased
levels of inflammatory cytokines and lower numbers of lympho-
cytes, monocytes, eosinophils, and basophils, and negatively corre-
lated with higher leukocyte counts (including neutrophils). The
most affected lymphocytes in COVID-19 patients were T cells
including helper (CD4+) T cells, cytotoxic or suppressor (CD8+) T
cells, regulatory T cells, and memory T cells [50]. Moreover, in
the early stages of SARS-CoV-2 infection, not only the total number
of natural killer (NK) and cytotoxic T cells was markedly decreased,
also their function was significantly impaired [51].

In several recovered patients, cellular immunity was explored
using phenotypical analysis of isolated peripheral blood mononu-
clear cells (PBMCs) and virus-specific induction of INF-c among
those cells. The higher production of INF-c in recovered patients
was probably associated with a higher number of anti-N and
anti-S-RBD specific T cells [17]. However, the high number of
anti-SARS-CoV-2 T cells was not maintained two weeks post-
discharge [17].

Assessment of PBMSs, during the early recovery stage (ERS),
revealed a decreased number of T cells, including CD4+ and CD8+,
and an increased level of monocytes including classical CD14++

and CD14++IL1b+. During the late recovery stage (LRS), the mono-
cytes ratio, and the total number of B cells, NK, and T cells were
normal again [52]. In another study, specific antiviral CD4+ and
CD8+ T cells were detected in 100% and 70% of the recovered
patients, respectively. The anti-spike T cell response was robust
and positively correlated with the titers of anti-S neutralizing IgG
and IgA. Surprisingly, the cross-reactive response may happen
against other common circulating coronaviruses, since SARS-CoV-
2-reactive CD4+ T cells were detected in 40–60% of non-infected
individuals [53].

Importantly, lymphopenia, the decreased count of lymphocytes
in peripheral blood samples is one of the common clinical manifes-
tations in COVID-19 patients [5,50,54]. Infection of human primary
T lymphocytes, lymphocytopenia, and induction of apoptosis path-
ways by MERS-CoV has been reported [55]. However, compared to
SARS-CoV, a significant increase of direct infection of T lympho-
cytes with SARS-CoV-2 through ACE2 receptor, spike-mediated
membrane fusion, upregulation of apoptosis and autophagy also
have been found in several studies, which might better explain
the lymphopenia [56,57]. Potential infiltration of T cells into the



Fig. 1. Target cell infection by SARS-CoV-2 and contribution of ACE2. SARS-CoV-2 uses the ACE2 receptors in target cells, for its entry and infection. ACE2 is a catalytically
active protective enzyme, which in normal conditions degrades angiotensin-II peptides. After the attachment of the virus, it enters into the cell and then its genome starts to
replication and production of virus proteins, and ACE2 loses its catalytic activity. Upon virus binding to the membrane-anchored ACE2 receptor, ADAM-17 enzyme mediates
ACE2 catalytic shedding and release of the sACE2. During this catalytic shedding, the release of some proinflammatory cytokines such as IL-1b and TNFa due to the activity of
the TNFa-converting enzyme may also occur. The sACE2 maintains its ability for binding to viral spike protein, so its presence could intercept SARS-CoV-2 and prevents
interaction with cell surface ACE2 receptors. Moreover, intracellular virus replication and accumulation of ACE2 substrate (Ang II) activates cell signaling cascades, which may
lead to activation of innate immunity receptors by the production of INF-a/b and proinflammatory cytokines. Subsequently, the process of virus propagation and shedding of
the infected cells may result in cell damage and apoptosis.
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infected and inflamed tissues, and depletion of T cells due to the
direct infection of them, and decimation of the human spleen
and lymph nodes are among other justifications for severe lym-
phopenia [58,59].

In viral infections, the innate immune system as an important
defense barrier develops antiviral activity mediated by the interac-
tion of pathogen-associated molecular patterns with pattern-
recognition receptors and stimulating the signaling pathway of
INF-a/b production [60]. Although, SARS-CoV-2 infection might
induce impaired antigen presentation and interferon responses,
production of INF-a/b may cause a local primary inflammatory
response in infected tissues and release of proinflammatory cytoki-
nes and chemokines leading to both viricidal and tissue damage
[5,61,62] (Fig. 1). Moreover, the induced expression of interferon-
stimulated genes (ISGs) may result in ACE2 upregulation, which
is also an ISG and enhance the infection [63].

The assessment of immune cells in lung lavage fluids by single-
cell RNA sequencing revealed the existence of highly inflammatory
monocyte-derived FCN1+ macrophage cells in severe COVID-19
cases, which may contribute to intense cytokine secretion and
storm [64]. Other transcriptome sequencing studies of lung lavage
fluid samples from several COVID-19 patients revealed the ele-
vated expression of chemokines (including CXCL1, CXCL2, CCL2,
53
and CCL8) and proinflammatory genes and the chemokine-
attracted neutrophils and monocytes [65]. Also, severely infected
SARS-CoV-2 patients exhibited a cytokine storm with the intensive
release of various pro-inflammatory cytokines and chemokines
including IL-6, IL-1b, IL-2, IL-7, IL-8, IL-10, G-CSF, IP-10, MCP-1,
MIP1a, and TNFa [7,50,66]. This hyper-inflammatory response
possibly is associated with dysregulated activation of monocytes
and macrophages [67]. Upon seroconversion, the antibodies may
bind to the virus, and then via attachment of virus-antibody com-
plex to FcR an FcR mediated ADE response may occur. The ADE
response in FcR possessing cells, such as macrophages, monocytes,
and myeloid cells, leads to the virus endocytosis and activation of
myeloid cells [25,68–70]. Also increased ADE response may induce
and exacerbate cytokine and chemokine storm, leading to a sec-
ondary inflammatory phase, severe lymphopenia, and lung injury
[25,71,72]. Some studies revealed higher levels of total antibodies
in severe COVID-19 patients, which supports the potential role of
ADE response in the adverse outcomes of infection [73,74].

We may postulate that the primary inflammation developed
upon viral replication, may lead to ACE2 shedding and release of
some proinflammatory cytokines [38,41]; the resulting tissue dam-
age may recruit immune cells to the infected area, associated with
several antiviral cellular immune responses [75] including
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infiltration and activation of monocyte-derived macrophages [64],
neutrophils [65], cytotoxic and suppressor T cells [65,76], and pos-
sibly triggering eosinophil and basophil dependent anti-
inflammatory responses [77] (Fig. 2A & B). However, the positive
correlation of lymphocytopenia with the severity of the disease,
increased CRP level, induction of cytokine storm, seroconversion,
and increase of viral replication and inflammation attributable to
the FcR-mediated ADE response, support the theory for potential
Fig. 2. Progression of SARS-CoV-2 infection and inflammation. (A) Mild infection and
inflammation through the release of pro-inflammatory cytokines produced by cellular d
pathway. Mild infection possibly occurs before seroconversion and the production of ne
including ACE2 shedding and down-regulation, neutralizing activity of soluble ACE2, low
immune responses, and activity of tissue-resident macrophages may lead to final viral
replication leads to the upregulation of inflammation and tissue damage, which recruit
development of neutralizing antibodies, resulted in FcR-mediated ADE response upon g
and may lead to severe lymphopenia via increased infiltration of lymphocytes and final
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hazardous effects of cellular immune response on final severe lym-
phocytopenia and dysfunction of the immune system (Fig. 2B). In
severe COVID-19 patients, this destructive loop might either syner-
gistically with the application of antiviral and anti-inflammatory
drugs influence the decreasing process of viral load and final clear-
ance or may lead to irrecoverable damage and death (Fig. 3).
Infection-related destructive effects on the immune and inflamma-
tory responses, such as leukomonocyte counts, functional
innate immunity responses. SARS-CoV-2 entry and replication may cause primary
amage and ADAM17-mediated shedding of sACE2, and activation of the interferon
utralizing IgG. ADE response does not appear in this stage and subsequent events
level of inflammation, recruitment of cytotoxic immune cells, activation of innate

clearance and recovery. (B) Severe infection and cytokine storm. Increased viral
s more immune cells to the infected area. This coincides with seroconversion and
eneration of antibody-virus complexes. ADE response could cause a cytokine storm
ly causes severe damage to immune cells and infected tissue.



Fig. 3. The cycle of infection and recovery. Infection loop in mild symptomatic infected cases includes events of primary inflammation, cytokine release, and recruitment of
immune cells leading to recovery. In severe symptomatic infected cases, the primary inflammation loop also with the occurrence of seroconversion and ADE response
develops cytokine storm and secondary inflammatory responses. In this context, secondary inflammation could cause severe damage and subsequent immune dysfunction.
These also lead to loss of ACE2 expressing cells and final ACE2 downregulation, which together with the elevation of neutralizing activity of antibodies and soluble ACE2
resulted in viral clearance and recovery.
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exhaustion of antiviral lymphocytes, and cytokine release may be
normalized after the treatment or during the recovery process
[51,52,78]. It should still be empirically determined whether the
memory T cells may be depleted due to the severe damage of the
immune system, as these cells are the main determinant of
acquired long-term immunity against reinfectionwith SARS-CoV-2.

An overall view on COVID-19 progression and immunity

SARS-CoV-2 infection in humans resulted in variable clinical
symptoms typically including fever, dry cough, mild pneumonia,
anosmia, and less commonly dyspnea, myalgia, headache/dizzi-
ness, diarrhea, and nausea [5–7]. The clinical manifestations are
associated with disease progression assorted in asymptomatic,
mild to moderately symptomatic, severely symptomatic ending
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to death or symptoms alleviation, and complete recovery [79].
Approximately, 80% of COVID-19 positive cases exhibit no clinical
symptoms or mild to moderate symptoms (with or without mild
pneumonia), about 15% progress to severe respiratory disease
and 5% develop acute respiratory distress syndrome (ARDS), lung
failure, septic shock or multi-organ failure [5,59,80].

As depicted in Fig. 4, SARS-CoV-2 infection progress in several
stages including (I) asymptomatic incubation period (in average
4–5 days, occasionally more), (II) moderately symptomatic period
(10–11.5 days), with various levels and severity of clinical
symptoms, (III) severe respiratory symptomatic stage progressing
ARDS occurs 8–9 days after symptom appearance and reaches
the highest level of viral load [71,72,79]. The last stage may lead
to death due to respiratory failure and intense hypoxia after day
14 (Fig. 4A). Most severe and hospitalized patients with respiratory



Fig. 4. COVID-19 disease progression. COVID-19 Infected patients are categorized into groups of severely symptomatic (A), mild symptomatic (B), and asymptomatic (C)
based on the clinical manifestations associated with disease progression into different stages. The SARS-CoV-2 infection progresses in several stages including (I)
asymptomatic incubation period, (II) moderately symptomatic period, (III) severe respiratory symptomatic stage progressing ARDS. Here disease progress in these categories
depicted in graphical curves indicating viral load variations from infection to clearance. Also, the main cellular and molecular mechanisms are addressed for each group.

Z. Khoshkam, Y. Aftabi, P. Stenvinkel et al. Journal of Advanced Research 31 (2021) 49–60
failure should be treated with oxygen therapy, mechanical ventila-
tion, and non-specific antiviral and anti-inflammatory drugs [81].
Recovery in COVID-19 patients is characterized by alleviation and
disappearing of symptoms, besides viral clearance determined by
two negative RT-PCR test results taken at least 24 h apart.

Based on WHO reports, the median time from symptomatic
onset to clinical recovery for mild cases is approximately two
weeks and for patients with the severe or critical disease is three
to six weeks [82]. Recovery from a severe stage of disease may
be slow as symptoms such as cough or pulmonary dysfunction
may continue for several weeks due to severe lung damage. Never-
theless, whether the infection may affect the organs such as the
brain with non-conventional clinical symptoms after apparent
recovery or not, still needs to be clarified. Different possible mech-
anisms may contribute to virus clearance during the aforemen-
tioned stages (I, II, and III) of COVID-19 progression, and innate
immune response may play a role as a primary responder at early
stages, which activates adaptive immune response [83].

The seroconversion in most COVID-19 patients for total anti-
body, IgM and IgG, occurred in the second week of disease onset,
with delayed seroconversion time for IgG, and was not followed
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by a rapid decline in viral load [20,73]. The development of
virus-neutralizing antibodies and particularly anti-spike IgG coin-
cides with stage III and ARDS progression due to ADE response
(Fig. 2B and Fig. 3). As also seen in SARS-CoV infection, fast and ear-
lier development of antiviral-IgG within the symptom onset with
the highest titer in about 14 days, leads to increased mortality rate
and severe lung injury [73,84]. Among most of the recovered
patients, virus-neutralizing IgG reaches the highest level within
several days after the severity phase [84]. Efficient neutralizing
antibody production significantly could intercept viruses and pre-
vents their binding to the target receptors, and leads to lowering
viral replication [68]. This approach is applied in most antibody-
based vaccination methods too. However, the production of neu-
tralizing antibodies against SARS-CoV-2 may trigger a secondary
inflammatory response and cause severe lung damage. Results of
several studies using SARS-CoV vaccinated animal models also
indicated a higher rate of pulmonary damage associated with
increased pulmonary pro-inflammatory response compared to
unvaccinated animals [69,85,86]. We may assume that adverse
outcomes of ADE response due to the interaction of antibodies
with the viruses, might also result in pulmonary damages during
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reinfection with SARS-CoV-2 in previously infected and recovered
individuals. However, further studies are needed to clarify this in
detail. In this context, a series of prototype DNA vaccines express-
ing various spike proteins were evaluated for their protective effi-
cacy against intranasal and intratracheal SARS-CoV-2 challenges in
rhesus macaques [87]. The vaccine protected monkeys with a sub-
stantial reduction in viral loads in bronchoalveolar lavage (BAL)
and nasal swabs, and a dramatic reduction of viral replication in
upper and lower respiratory tracts. In contrast, the less immuno-
genic vaccines showed partial protection in BAL but essentially
no protection in nasal swabs. This study concluded that protection
in both organs is necessary for pandemic control and protection in
the upper respiratory tract may be more difficult to achieve [87].

In the context of reinfection, it seems that viral replication in
the upper respiratory tract or other entry gates may occur before
exposure of the virus to neutralizing antibodies. And high trans-
missibility of SARS-CoV-2 during respiration and attachment to
the ACE2 expressing cells (including airway and alveolar epithelial
cells, and macrophages in the lung) may support this process [88].
This may trigger primary pro-inflammatory responses, recruitment
of immune cells, and possibly develops secondary inflammatory
responses in reinfected tissues, depending on the quality and
quantity of the available anti-SARS-CoV-2 antibodies produced
from the primary infection. However, generally, this might take a
short time for high affinity neutralizing antibodies to increase to
sufficient levels or to reach the infected area and act against
viruses and prevent further cell entry and replication [29]. In this
step, previously acquired specific humoral and cellular immunity
against SARS-CoV-2 by and therefore the presence of highly effi-
cient antibodies and virus-specific T cells [53] mediating a fast
response could dampen the viral load and lead to rapid viral clear-
ance during reinfection compared with primary infection and non-
immunized individuals. This also has been shown in several stud-
ies on acquired protection in SARS-CoV-2 infected patients and
DNA-vaccinated macaques [15,16,87]. In conclusion, the efficacy
of antibody-related protection against SARS-CoV-2 reinfection
depends on the presence and sufficient amount of protective neu-
tralizing antibodies, and the potency of plasma cells and memory B
cells in rapid response against the viral load.

Moreover, non-detectable and low levels of anti-spike antibody
titers and plasma neutralizing activity have been reported previ-
ously among some COVID-19 recovered patients [23,73]. This
may occur mostly in clinically asymptomatic or mild symptomatic
COVID-19 cases and during the pre-symptomatic and incubation
stage, before the seroconversion, or in mild symptomatic stage
coincide with the beginning of seroconversion and IgG production
(Fig. 4B & C). Interestingly, in one study both asymptomatic and
mild symptomatic SARS-CoV-2 infected individuals were assessed
for clinical manifestations and immunologic responses [89].
Approximately 80% of asymptomatic individuals demonstrated a
significantly low level of virus-specific IgG and NAbs, compared
to the symptomatic cases. The reduction in IgG and NAb levels
has been seen during the early convalescent phase (8 weeks after
discharge) in both groups. The average percent of decline for IgG
and NAb levels in the asymptomatic group was 71.1% and 8.3%,
and for the symptomatic group was 76.6% and 11.7%, respectively.
Consequently, in this phase, 40 percent of the asymptomatic group
and 12.9 percent of the symptomatic group became seronegative
for IgG. Furthermore, the measurement of 32 cytokines and
chemokines in plasma revealed no significant differences among
healthy individuals and asymptomatic SARS-CoV-2 positive cases,
indicating a low level or no induction of inflammatory responses
in them [89]. Also, asymptomatic cases revealed a longer duration
of virus shedding (median 19 days) in comparison with symp-
tomatic cases (median 14 days) assessed by RT-PCR testing. How-
ever, the longer viral shedding confirmed by RT-PCR may be seen
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as a result of the presence of remnants of the virus genome in
the sampling area or false-positive tests, and not because of the
presence of culturable infectious virus particles [89,90].

In these infected individuals, viral clearance may occur before
the seroconversion or IgG production reached its peak due to the
possible dysfunction of the immune system in antigen presenta-
tion, induction of T helper cells, and activation of antibody-
producing cells. We may assume that recovery in these COVID-
19 positive cases might be due to the contribution of some molec-
ular events including ACE2 shedding and down-regulation [42],
neutralizing activity of soluble ACE2 [47–49], low level of inflam-
mation [89], the successful activity of tissue-resident macrophages
and infiltrated monocyte-derived macrophages in depletion of
virus-infected cells ending to decreased viral replication and clear-
ance [64,67]. Interestingly, SARS-CoV-2-specific T cells in unex-
posed individuals to SARS-CoV-2 also have been reported [53].
The existence of cross-reactive T cell response against the SARS-
CoV-2 virus probably may indicate the presence of cellular immu-
nity in a part of the population that were previously infected with
other coronaviruses. The possible cross-protective immunity might
also result in a higher number of asymptomatic and mild symp-
tomatic COVID-19 cases and influence on the ongoing pandemic
[53]. In conclusion, in most patients after recovery, humoral immu-
nity may not be acquired or would be very low level. Also, as
reported by several studies, the amount of NAbs is correlated with
virus-specific T cell response, and therefore low humoral immune
response may demonstrate a low level of acquired cellular immu-
nity too [17,53]. In these SARS-CoV-2 infected cases, reinfection
might be possible, and in case of reinfection, the disease may pro-
gress into the severe stages.

The consecutive events occurring in severely symptomatic indi-
viduals may probably include: infection with SARS-CoV-2 and
replication of the virus, ACE2 downregulation, and angiotensin-II
accumulation, triggering of cellular damage and primary inflam-
mation, cytokine release and infiltration of immune cells to the
inflamed tissues, seroconversion and production of anti-spike
IgG, formation of virus-antibody complex and subsequent ADE
response, secondary inflammatory response and cytokine storm,
severe immune response feedback and subsequent severe lympho-
cytopenia, highly severe damage to infected tissues, ARDS and res-
piratory or multi-organ failure (Fig. 2B).

In the recovery scenario, with starting the treatment of severely
symptomatic individuals (those with severe tissue damage and
immune dysfunction), the release of cytokines will together with
the increase of neutralizing antibodies lead to viral load decline,
restoration of peripheral blood lymphocyte count, the activity of
cytotoxic T cells and neutrophils in the elimination process of dam-
aged cells and virus-antibody complexes. Finally, complete viral
clearance, the disappearance of clinical symptoms, the healing pro-
cess of damaged tissues, and final recoverymay be achieved (Fig. 3).
A decrease of IgG and NAb levels and a remarkable reduction of
SASR-CoV-2 specific CD4+ and CD8+ T cells after recovery have also
been reported [17,52,89]. In the recovery process, a short-term
immunity will accomplish by the production of efficient neutraliz-
ing antibodies; however, a long-term immunity and protection
against reinfection mainly depend on the presence and survival of
memory T cells and memory B cells, despite severe damage.

Classification of infected cases

As a conclusion, we may classify the recovered and immunized
individuals into the following categories:

1) Infected cases with very mild symptoms or asymptomatic
without any humoral immune response or elicited memory.



Z. Khoshkam, Y. Aftabi, P. Stenvinkel et al. Journal of Advanced Research 31 (2021) 49–60
2) Infected cases with mild to moderate symptoms with low
humoral immunity and low cellular immunity.

3) Infected cases with moderate or severe symptoms with
highly activated humoral immunity and elicited memory.

4) Infected caseswithmoderateor severe symptomswithhighly
activated humoral immunity and low cellular immunity.

Among these categories, reinfection may happen in groups 1
and 2, which may also develop the severe disease in the future
due to the absence or low levels of acquired immunity. Individuals
in group 3 are more protective against further exposures and they
may show long-term immunity since they develop increased eli-
cited memory in defense of SARS-CoV-2. Meanwhile, this group
also could be further evaluated to investigate the efficacy, half-
life, and epitope specificity of antibodies. Although the last group
may show rapid response against reinfection; they may not be safe
for longer periods because of the non-imprinted memory of immu-
nity. More investigations need to determine the real potency of
acquired humoral and cellular immunity and efficacy of vaccines
against SARS-CoV-2 further exposures. Also, the pre-existing
cross-reactive T cell response [53] against SARS-CoV-2 may also
increase the efficacy of acquired cellular immunity. Several studies
regarding herd immunity have been shown that at least 60% of the
population should be immunized to prevent further outbreaks of
COVID-19 in the future [11,91]. Our study may help to identify
which groups are immunized naturally and which groups still need
to be vaccinated for developing herd immunity.

Conclusion and perspective

In this review, important molecular immunologic aspects of
recovery of COVID-19 patients were described and the importance
of ACE2 in immune responses to the virus was addressed. The
infected individuals were classified into different categories
including recovered patients with higher humoral and cellular
immunity, with low humoral and cellular immunity, and also
infected cases without any significant immunity. Therefore, indi-
viduals with no previous infection history, and also infected cases
with low or without humoral or cellular immune responses or low-
elicited memory should be considered as special targets of vaccina-
tion programs. This article will help policymakers to make the right
decisions for screening, lockdown, and issue health certificates
ensuring improved diagnostic evaluations, due to clarifying the
recovery and immunity process, and estimation of immunized
and non-immunized COVID-19 infected individuals. Besides, we
suggest further investigation for the development of efficient
virus-specific NAbs and generation of memory cells for SARS-
CoV-2 infected cases after recovery.
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